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Quantitative estimationAbstract Evidence for the interaction of riboﬂavin with cadmium (Cd) in aqueous media was stud-
ied by cyclic voltammetry, differential pulse anodic stripping voltammetry and chronocoulometry.
It was found that Cd exhibits a 1:1 complex with riboﬂavin in aqueous KCl solution to bind
between O(24) and N(12) positions of riboﬂavin depicted from the semi-empirical computation.
The overall stability constant (logb= 9.95) of the complex obtained from differential pulse anodic
stripping voltammetric data is a good agreement for the formation of a very stable Cd–riboﬂavin
complex in aqueous media.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Riboﬂavin (Vitamin B2), the second member of vitamin B
complex is a water soluble compound. It is an essential precur-
sor of ﬂavin mononucleotide and ﬂavin adenine dinucleotide
coenzymes, which takes part in tissue oxidation as components
of the electron transport system (Penzer and Radda, 1967).
The two keto groups in the isoalloxazine ring present in the
ﬂavins (Scheme 1) are easily reducible and make riboﬂavin re-
dox active. Previous studies suggest that the redox process of
the ﬂavins is thermodynamically reversible and involves for-
mation of quinone, semiquinone and hydroquinone intermedi-ates (Hommerich et al., 1965; Krampitz, 1969; Malinuskas
et al., 1999).
On the other hand, cadmium (Cd) is highly toxic and
responsible for poisoning through food. It is obtained as a
by-product of zinc reﬁning and used industrially in plating of
steel, pigments, plastics, and alloys. It is also used in nickel–
cadmium batteries and in nuclear and electronic engineering
(Kazantzis et al., 1963; Adams et al., 1969; Friberg, 1984). It
can enter into the environment through the corrosion of galva-
nized pipes. The biologic half-life of Cd is long (more than
30 years), prolonged low level exposure leads to excessive accu-
mulation in certain tissues, especially the kidney. Long-term
exposure may lead to heart and kidney diseases, high blood
pressure and even cancer (Sugira et al., 1979). When excessive
amount of Cd is ingested, it replaces Zn at key enzymatic sites,
causing metabolic disorder. At concentrations greater than
200 parts per billion (ppb), it is toxic to ﬁshes in aquatic sys-
tem. In potable waters, the normal level of Cd is from 0.4 to
60 ppb (Niragu and Pacyna, 1989).
Binding of Cd with ligands is a versatile process for the re-
moval of Cd in vivo and in vitro (Kishore and Kumar, 2011).
Figure 1 Cyclic voltammograms of riboﬂavin solution at differ-
ent scan rates. Scan rates: 10, 25, 50, 75, and 100 mV/s [riboﬂa-
vin] = 1.00 · 103 mol/L.
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Scheme 1 Structure of riboﬂavin-5-sodium phosphate.
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by binding it with bio-surfactants and naturally occurring acids
(Deepika and Kannabiran, 2010). The inﬂuence of an antioxi-
dant agent, such as, N-acetyl cysteine or mannitol on the cad-
mium chelating ability of monoisoamyl 2,3-
dimercaptosuccinate was investigated in vivo (Tandon et al.,
2003). In vivo, Cd can bind to nucleic acids, or to proteins. Sev-
eral investigators have demonstrated that Cd is not associated
with low molecular weight compounds like free amino acids,
etc. (Veronica et al., in press). According to their research, the
efﬁciency of chelating agents is essential for increasing renal
excretion of Cd during acute Cd intoxications. A recent report,
shows thatN,N,N-type ligands are selective for Cd ions (Hiray-
ama et al., 1997; Leverrier et al., 2007), which suggests that other
N-based ligand systems can also be used as selective Cd
removers.
For this reason, we choose riboﬂavin as chelating agent be-
cause it is a low molecular weight ligand and it has more than
one ligated site (oxygen and nitrogen). Furthermore, we have
continuous interests on the study of metal–ligand interactions
(Laiju et al., 2010; Jabbar et al., 2010, 2011, in press), the pres-
ent paper will provide another opportunity to give idea of such
interactions between cadmium and riboﬂavin to develop chela-
tion therapy for Cd contamination in the living system as well
as to remediation of Cd from the aquatic environment through
the formation of the corresponding complex, which directly
contributes to the green environment.
2. Experimental
2.1. Apparatus
All the voltammetric experiments were carried out by using a
BAS-100B electrochemical analyzer, procured from Bioanalyt-
ical System Inc., (BASi) USA. This is connected to a three-elec-
trodemicro-cell consisting of a glassy carbonworking electrode,
Ag/AgCl reference electrode and a platinum-wire counter elec-
trode. The cell is completely shielded from any perturbing noises
by a Faraday Cage. The Faraday Cage is a BAS C-3 cell stand
connected with aN2 gas cylinder. A continuous ﬂow of nitrogen
has been ensured before start of any electrochemical experiment.
A mercury ﬁlm glassy carbon electrode (MFGCE) was utilized
as working electrode for the differential pulse anodic stripping
voltammetric (DPASV) experiments.
2.2. Preparation of mercury ﬁlm
Mercury ﬁlm was prepared on a properly polished and washed
glassy carbon electrode in 10 mL of 5 · 103 M mercury (II)solution. The solution was purged with dry nitrogen for
10 min to remove dissolved oxygen. The electrodes were con-
nected to the analyzer. Any bubbles adhering to the electrodes
were removed by tapping them off. The mercury ﬁlm deposi-
tion was done at 400 mV for 120 s by applying differential
pulse anodic stripping voltammetry.
2.3. Chemicals
Riboﬂavin-5-sodium-phosphate was procured from Beximco
Pharmaceutical Company, Bangladesh and used without fur-
ther puriﬁcation. CdCl2 was purchased from Merck and used
in the experiment without further puriﬁcation. All of the solu-
tions were prepared from Milli-Q water. The experimental
solutions were degassed with 99.99% commercially available
N2-gas and all the runs were taken under N2-atmosphere.
2.4. Theoretical calculation
Theoretical calculation was done by using Chem-3D Pro, ver-
sion 6.0, CS-MOPAC Std., (Semi-empirical Computation,
Molecular Orbital Package), Cambridge Soft Corporation,
2000.
3. Results and discussion
3.1. Voltammetric study of riboﬂavin, cadmium and cadmium–
riboﬂavin systems
Cyclic voltammetry (CV) of riboﬂavin, cadmium (Cd) and Cd–
riboﬂavin systems was carried out separately. The probable
interaction of Cd and riboﬂavin was studied by comparing
the voltammetric data between riboﬂavin, Cd and Cd–riboﬂa-
vin systems in aqueous KCl solution.
Fig. 1 shows the CV of riboﬂavin in aqueous 0.1 M KCl
solution. The voltammogram of riboﬂavin shows an anodic
and a cathodic peak in its switching potential at a glassy car-
bon electrode. The peak potentials (Ep) remain almost con-
stant at different scan rates and the peak currents increase
with an increase in scan rates. Though the peak current ratio
Table 1 Current–potential and kinetic data for 1.00 · 103 M riboﬂavin in aqueous 0.1 M KCl solution at a glassy carbon electrode
at different scan rates.
Scan rate, v
(mV/s)
Epam
(V)
Epc
(mV)
Ipa
(lA)
Ipc
(lA)
m1/2 (mV/
s)1/2
DEp
(mV)
Ipa/Ipc Ipc /v
1/2 (lA)/
mV/s 1/2
kf · 103
cm/s
10 506.64 439.99 2.22 3.08 3.16 66.65 0.721 0.975 0.342
25 519.97 449.99 2.66 3.52 5.00 69.98 0.757 0.704 0.365
50 519.97 449.99 3.74 3.96 7.07 69.98 0.944 0.560 0.410
75 519.97 449.99 4.44 4.44 8.66 69.98 1.000 0.512 0.460
100 519.97 449.99 4.44 5.28 10.00 69.98 1.141 0.528 0.547
Epa = anodic peak potential; Ipa = anodic peak current, Epc = cathodic peak potential; Ipc = cathodic peak current; v= scan rate;
kf = heterogeneous electron-transfer rate constant.
Scheme 2 EC reactions of riboﬂavin at a glassy carbon electrode.
160 M.A. Jabbar et al.(Ipc/Ipa) is greater than one, the linearity of the current function
values (Ipc/v
1/2) indicates that the redox process of riboﬂavin is
diffusion controlled (Rossiter and Hamilton, 1986) (Table 1).
Constant peak separation (Ep = 69 mV) and the peak current
ratio (Ipa/Ipc) values with the scan rate show good electron
transfer between riboﬂavin and the electrode (Table 1) (Lavi-
ron, 1982 & Honeychurch and Rechnitz, 1998) and the system
is reversible. From the Ep-values, it can be concluded that the
redox process of riboﬂavin involves one electron. Strictly, the
peak current ratio is not one and it increases from unity as
the scan rate increases suggesting that there might be a chem-
ical reaction involved following the electrochemical reaction
(Rossiter and Hamilton, 1986; Nicholson and Shain, 1964).
From the above discussion, the electrochemical–chemical
reactions (EC) as shown in Scheme 2 for riboﬂavin can be
suggested.
The one electron transfer in the above redox mechanism is
attributed from the peak separation value (strictly, for one-
electron system, DEp-value is 59 mV).
Analyzing the CV data (inset of Fig. 1) and on the basis of
the previously published reports (Anson, 1966 & Christie et al.,
1967), it can be predicted that a negligible adsorption of either
the reactant or the product on the glassy carbon electrode sur-
face occurred because the peak current vs. square root of the
scan rate plot does not pass through the origin. To conﬁrmthe nature of adsorption, double potential step chronocoulom-
etry (CC) was performed and is shown in Fig. 2. CC data (inset
of Fig. 2) conﬁrm that a slight adsorption of the reduced prod-
uct (may be Species II in scheme 2) of riboﬂavin on the glassy
carbon electrode surface occurred, which may hinder the redox
process of riboﬂavin as reﬂected in the CV data (Fig. 1). A
decreasing value of the anodic peak current at higher scan
rates was observed in the CV (Table 1 and Fig. 1).
To ﬁnd the qualitative information about the interaction
between riboﬂavin and Cd, CVs of riboﬂavin, Cd, and Cd–
riboﬂavin (1:1 M ratio) have been carried out as shown in
Fig. 3 and their redox properties have been compared.
In the CV of Cd, there is one set of anodic and cathodic
peak observed at 640.38 and 765.34 mV, respectively
(Fig. 3 & Table 2, System A). In the presence of riboﬂavin,
the ﬁrst anodic peak shifts toward more anodic direction
406.00 mV to 375.00 mV) and the ﬁrst cathodic peak shifts
toward more cathodic direction from 437.00 mV to
455.00 mV (Fig. 3 and Table 2). The second anodic and
cathodic peaks, which were only observed for Cd–riboﬂavin
complex shifted toward more cathodic direction (from
718.00 mV to 765.00 mV and from 875.00 mV to
945.00 mV) with an increase in scan rates (Table 2, Fig. 3).
The ﬁrst peak pair of Cd–riboﬂavin system is shifted from
519.97 mV to 406.25 mV and from 439.00 mV to
Figure 2 Chronocoulogram of 1.00 · 103M riboﬂavin solution.
Inset is the evidence for the slight adsorption of riboﬂavin at the
electrode surface.
Figure 3 Cyclic voltammograms of 1 · 103 M (a) riboﬂavin, (b)
Cd–riboﬂavin, and (c) Cd systems. Scan rate (for all of the cases):
75 mV/s.
Table 2 Current–potential data of 1.00 · 103M (A) Cd and (B) C
electrode at different scan rates.
System v(mV/s) Epa (mV) Epc (mV) Ipa (lA)
A 10 – – 142.8
25 686.69 733.35 171.4
50 – – 216.6
75 666.70 733.35 260.6
100 653.37 786.67 289.2
640.04 786.67
640.04 786.67
B 10 – 437.50 10.90
25 406.25 437.50 11.45
50 – 437.50 15.81
75 406.25 455.63 17.17
100 375.00 455.63 18.53
375.00
375.00
Epa = anodic peak potential; Epc = cathodic peak potential; Ipa = a
kf = heterogeneous electron-transfer rate constant.
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ble 1) system. The peak potential of pure Cd shifted from
666.70 mV to 28.25 mV and from 733.35 mV to
890.20 mV as compared to Cd–riboﬂavin (Fig. 3). In this
case the peak current height is lower than that of pure Cd (Ta-
ble 2, System B). This suggests that the remediation of Cd from
its aqueous solution occurred in the presence of riboﬂavin.
Thus a qualitative information for the interaction between
Cd and riboﬂavin can be obtained from the comparative cyclic
voltammograms of riboﬂavin (Fig. 3, curve a), Cd (Fig. 3,
curve c) and Cd–riboﬂavin (1:1 ratio) (Fig. 3, curve b). The
DEp values of pure Cd were different from those of Cd–riboﬂa-
vin system. The DEp values of the Cd–riboﬂavin complex in-
crease for both pairs of peaks with an increase in scan rates
(Table 2). The peak current ratio (Ipa/Ipc) decreases for both
the peak pairs. The current function value (Ipc/m
1/2) decreasesd–riboﬂavin (1:1 ratio) in 0.1 M KCl solution at a glassy carbon
Ipc (lA) DEp mV Ipa/ Ipc Ipc/
1/2 kf · 103 cm/s
28.99 46.66 4.93 9.17 3.00
32.13 66.65 5.33 6.43 3.33
33.92 133.3 5.67 4.79 3.51
39.27 146.6 6.63 4.53 4.07
42.84 146.6 6.75 4.23 4.43
4.090 31.25 2.66 1.29 0.847
4.910 31.25 2.33 0.98 1.018
5.990 62.50 2.64 0.85 1.41
8.720 80.50 1.97 1.00 1.807
11.45 80.50 1.61 1.15 2.370
nodic peak current; Ipc = cathodic peak current; v= scan rate;
Table 3 MOPAC data for the charge density and electrostatic
potential charge of different atoms in riboﬂavin.
Atoms in riboﬂavin Charge Electrostatic potential charge
C(1) 0.10025 0.31013
C(2) 0.16902 0.61323
C(3) 0.63445 1.23266
C(4) 0.08566 0.81839
C(5) 0.00352 0.16716
C(6) 0.36667 0.61390
N(7) 0.01962 0.46408
C(8) 0.09977 0.06619
C(9) 0.12992 0.74713
N(10) 0.05674 0.34511
C(11) 0.43630 0.48501
N(12) 0.40240 0.35784
C(13) 0.41473 0.75501
N(14) 0.25947 0.76493
C(15) 0.24326 0.13901
C(19) 0.31440 0.20862
O(23) 0.50232 0.45637
O(24) 0.54249 0.54525
162 M.A. Jabbar et al.for both peaks (Table 2). These criteria show that the redox
reaction of Cd–riboﬂavin system is a two step one-electron
transfer irreversible reaction and is not diffusion controlled
(Gorton and Johnson, 1980). In general, the value is greater
for pure Cd system compared to Cd–riboﬂavin system (Ta-
ble 2). The peak current height for Cd–riboﬂavin system is less
than that of the Cd system. This suggests that the current for
Cd is utilized by riboﬂavin for the complex formation (Fig. 3).
Double potential step chronocoulometry (CC) was per-
formed (not shown in Figure but has a similar pattern of
Fig. 2) for the Cd–riboﬂavin system. Anson plot (Anson,Figure 4 (A) Structure (B) ball & stick structure of riboﬂavin after en
(From MOPAC data).1966), based on the CC data suggested that only the reactant
(Species I in Scheme 1) is adsorbed on the electrode surface.
3.2. Theoretical calculation by MOPAC to determine the active
center of riboﬂavin to bind with cadmium
Theoretical calculation was done for riboﬂavin system by using
MOPAC semi-empirical computational method (PM3) to ﬁnd
the reactive center of riboﬂavin to bind with Cd. The relative
charge density for different elements in riboﬂavin obtained
by the semi-empirical calculation is listed in Table 3. Fromergy minimization and (C) electrostatic potential map (heart-like)
Figure 5 DPASV for Cd(II) (curve i) and Cd–riboﬂavin systems
in aqueous 0.1 M KCl solutions at a mercury ﬁlm glassy carbon
electrode MFGCE with the addition different concentration of
riboﬂavin. [Cd(II)] = 1.0 · 109M.
Table 4 F-function values for cadmium-riboﬂavin complex at 1.0 · 109 M cadmium in 0.1 M KCl solutions at a MFGCE.
[Riboﬂavin] · 109 M Ipa lA -Epa mV F0[riboﬂavin] F1[riboﬂavin] · 1010 logb
0.000 4.184 687.00 – –
0.100 0.779 685.00 4.603 3.603
0.200 1.098 682.00 2.576 0.788 9.95
1.000 1.182 680.00 2.051 0.105
5.000 1.408 680.00 1.596 0.012
Voltammetric evidences for the interaction of riboﬂavin with cadmium in aqueous media 163the calculation it is obtained that the electron cloud is posi-
tioned at the highest spin density region between nitrogen
(N12) and oxygen (O24). Table 3 provides the data for the
charge and electrostatic potential charge of riboﬂavin. The de-
sign of the Cd–riboﬂavin complex molecule is to ﬁt into the ac-
tive site of riboﬂavin. A good ligand needs a suitable geometry
and also appropriate electrostatic properties. The electrostatic
properties of the ligand should complement those of the metal
ions. Here we present a method for the assignment of atom-
centered point charges for a ligand, based on the electrostatic
potential and charge. Thus a 1:1 Cd–riboﬂavin complex was
formed from the attack of cadmium to riboﬂavin between its
N(12) and O(24) positions. Fig. 4C showed the electrostatic
potential map, which provides an indicator for the charge dis-
tribution in the riboﬂavin molecule.
3.3. Stability constant for cadmium–riboﬂavin complex by
differential pulse anodic voltammetric (DPASV) method
DPASV experiments for pure Cd and Cd–riboﬂavin systems
were performed at a mercury ﬁlm glassy carbon electrode
(MFGCE) in aqueous KCl solution. The pH of the solution
was recorded as 5.98 before and after the experiment. DPASV
shows a single sharp peak at 687 mV for the reduction of Cd
(II) (Fig. 5). By keeping Cd concentration constant at
1.0 · 109 M, riboﬂavin concentration was increased gradu-ally. This results in a shift in the cathodic peak of Cd toward
more anodic direction. A second peak appears at
375.00 mV. Shifting of peak potential of Cd toward the ano-
dic position and decrease in the peak current value in DPASV
experiment clearly indicates the formation of complex between
Cd and riboﬂavin (Fig. 5). This also indicates that Cd can be
removed by chelation with riboﬂavin. This observation is very
much useful for the Cd removal to retain the environmental
sustainability.
The DPASV experiment allows us to calculate the overall
stability constant of the Cd–riboﬂavin complex and is calcu-
lated according to De Ford and Hume method (Ford and
Hume, 1951). According to this method, the formation con-
stant of the Cd–riboﬂavin complex can be given by the follow-
ing equation:
F0½riboflavin ¼ antilogf0:434 nF=RTðEpðsÞ  EpðcÞÞ
þ logIs=Icg
where Ep(s) and Ep(c) are the peak potentials for the Cd and
Cd–riboﬂavin complex, respectively and Is and Ic are their cor-
responding diffusion currents:
F0½riboflavin ¼ b0 þ b1½riboflavin
cCdcriboflavin
cCd–riboflavin
. . . . . . . . . . . .
The polynomial form of this equation can be given by the fol-
lowing equation,
F0½riboflavin ¼ b0 þ b1½riboflavin þ b2½riboflavin2
þ . . . . . . . . . . . .
where, b1, b2. . .. . .. . .. . . are the stability constants of the com-
plexes with one, two, etc. molecules of riboﬂavin, respectively.
The formation constant F1[riboﬂavin] is deﬁned by the fol-
lowing equation:
F1½riboflavin ¼ F0½riboflavin  1½riboflavin ;
and the polynomial equation can be rearranged as
F1½riboflavin ¼ F0½riboflavin  1½riboflavin
 
¼ b1 þ b2½riboflavin þ b3½riboflavin2
þ . . . . . . . . . . . .
From the experimental data, the value of F0[riboﬂavin] can be
calculated for different concentrations of riboﬂavin. In our
experiment, we can only solve the value of b1, which clearly
indicates that one riboﬂavin molecule is attached to one Cd
metal, thus a 1:1 complex is formed. The calculated F-values
are given in Table 4.
Normally, the diffusion currents are expected to change
after complex formation because the bulkier complex ion has
164 M.A. Jabbar et al.a different diffusion coefﬁcient compared to the aquated ion
(Onstott and Laitinen, 1950). Similar trends can be observed
from Table 4. The stepwise stability constants, F0[riboﬂavin]
and F1[riboﬂavin] and the overall stability constant,
(logb= 9.95) are all in good agreement for the formation of
a stable 1:1 complex between Cd and riboﬂavin.
4. Conclusion
The present research demonstrates the electrochemical investi-
gation of the redox behavior of riboﬂavin and its possible
interaction with Cd. In our ﬁndings, we conclude that riboﬂa-
vin follows an EC (electrochemical–chemical) mechanism fol-
lowing reversible charge transfer reaction at a glassy carbon
electrode. When riboﬂavin interacts with Cd in aqueous media,
the redox behavior of riboﬂavin has been changed to irrevers-
ible charge transfer. Both anodic and cathodic currents of cad-
mium were reduced in the presence of riboﬂavin due to the
formation of Cd–riboﬂavin complex. This suggests the re-
moval of cadmium from aqueous media with the formation
of Cd–riboﬂavin complex. Differential anodic pulse voltam-
metric data suggest that a stable 1:1 Cd–riboﬂavin complex
with logb= 9.95 was formed. Thus a 1:1 MOPAC computa-
tional data suggested that Cd–riboﬂavin complex was formed
from the attack of cadmium to riboﬂavin between its N(12)
and O(24) positions.Acknowledgement
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